Abstract. We present measurements of aerosol physicochemical properties below 5 km altitude over the tropical rain forest and the marine boundary layer (MBL) obtained during the LBA-CLAIRE 1998 project. The MBL aerosol size distribution some 50-100 km of the coast of French Guyana and Suriname showed a bi-modal shape typical of aged and cloud processed aerosol. The average particle number density in the MBL was 383 cm −3 . The daytime mixed layer height over the rain forest for undisturbed conditions was estimated to be between 1200-1500 m. During the morning hours the height of the mixed layer increased by 144-180 m h −1 . The median daytime aerosol number density in the mixed layer increased from 450 cm −3 in the morning to almost 800 cm −3 in the late afternoon. The evolution of the aerosol size distribution in the daytime mixed layer over the rain forest showed two distinct patterns. Between dawn and midday, the Aitken mode particle concentrations increased, whereas later during the day, a sharp increase of the accumulation mode aerosol number densities was observed, resulting in a doubling of the morning accumulation mode concentrations from 150 cm −3 to 300 cm −3 . Potential sources of the Aitken mode particles are discussed here including the rapid growth of ultrafine aerosol particles formed aloft and subsequently entrained into the mixed layer, as well as the contribution of emissions from the tropical vegetation to Aitken mode number densities. The observed increase of the accumulation mode aerosol number densities is attributed to the combined effect of: the direct emissions of primary biogenic particles from the rain forest and aerosol in-cloud processing by shallow convective clouds. Based on the similarities among the number densities, the size distributions and the composition of the aerosol in the MBL and the nocturnal residual layer we propose that the air originating in the Correspondence to: R. Krejci (radek@misu.su.se) MBL is transported above the nocturnal mixed layer up to 300-400 km inland over the rain forest by night without significant processing.
Introduction
The first airborne measurement campaign within the Cooperative Large Scale Biosphere-Atmosphere Regional Experiment in Amazonia (LBA-CLAIRE-98) project is a continuation of a series of experiments designed to investigate and improve our understanding of the processes controlling the properties of the tropical troposphere. The experiment was designed to study changes in the tropospheric composition resulting from interactions of the inflowing marine air with tropical vegetation under relatively undisturbed, nonprecipitating conditions. Aerosols influence climate directly by absorbing and scattering incoming solar radiation, and indirectly by acting as cloud condensation nuclei (CCN), and thereby affecting the cloud microphysical and optical properties, as well as the precipitation rate and lifetime of clouds (Charlson et al., 1992) . Elevated concentrations of trace gases and aerosols associated with biomass burning and land use changes in the tropics have attracted increased scientific attention over the last decades. In the 1980s the influence of carbon monoxide and other trace gases emitted to the atmosphere from biomass burning were recognized to have a significant effect on the atmosphere on a global scale (Andreae et al., 1988; Crutzen et al., 1985) .
The planetary Boundary Layer (PBL) over the Amazon Basin has been studied earlier during several major campaigns. The Amazon Boundary Layer Experiment (ABLE 2A) took place in Brazil during the early-to-middle dry season in 1985 . The wet season boundary layer properties were investigated later during the subsequent ABLE 2B project in 1987 . The Smoke, Clouds, and Radiation -Brazil (SCAR-B) study focused exclusively on biomass burning, to study climatic and cloud formation effects associated with emissions of smoke aerosol and gaseous combustion products (Kaufman et al., 1998; Reid and Hobbs, 1998) . Several studies, within the LBA project (http://lba.cptec.inpe.br/) investigated the dynamics of the planetary boundary layer over Amazonia (Betts et al., 2002 ) and the energy and water cycles of atmospherebiosphere interactions (Andreae et al., 2002; Malhi et al., 2002; Vourlitis et al., 2002) . Most recently, a detailed study (SMOCC: Smoke Aerosols, Clouds, Rainfall and Climate) was performed to elucidate the interactions between aerosols, cloud microphysics and precipitation over Amazonia . Similar projects, dealing with the influence of biomass burning on the composition of the PBL, have been carried out over the rain forest in central Africa (Delmas et al., 1999; Lacaux et al., 1995) .
Until recently, most attention had been focused on the processes associated with biomass burning (Crutzen and Andreae, 1990; Ward et al., 1992) . These processes are, however, dominant only during 3-4 months long dry season (McGregor and Nieuwolt, 1998) . During the wet season, when biomass burning is suppressed by intensive precipitation, the fluxes of aerosols and trace gases from the rainforest to the atmosphere are assumed to be controlled by natural processes as pointed out by Artaxo et al. (1990) ; Browell et al. (1990) ; Graham et al. (2003a) ; Gregory et al. (1986) ; Guyon et al. (2003) . Measurements of the trace elements content in aerosols using PIXE (Proton Induced X-ray Emission) together with factor analysis identified only two types of particles present in the boundary layer air during conditions undisturbed by biomass burning: soil dust and biogenic particles released from the rain forest. The later group dominated the aerosol mass of the fine fraction aerosol (Artaxo and Hansson, 1995) . Similar observations showing that organic matter represents a dominant fraction of natural Amazonian aerosol mass were reported from the LBA-CLAIRE 2001 campaign at Balbina, about 100 km north of Manaus, Brazil (Graham et al., 2003a; Graham et al., 2003b) .
This study will present observed changes of aerosol physico-chemical properties during advection from the Atlantic Ocean over the tropical rain forest during the short dry season when neither biomass burning nor intensive precipitation have a strong influence. In a semilagrangian study, we will focus on the variation of the aerosol number densities and size distributions as a function of time of day and attempt to relate these variations to a local meteorology and aerosol sources from the tropical vegetation.
Experimental
Measurement flights were made out off Zanderij International Airport (5 • 27 N, 55 • 11 W), 50 km south of Paramaribo, Suriname. Trace gas and aerosol measurements were obtained in-situ from instrumentation mounted onboard the Cessna Citation II twinjet aircraft operated by the Technical University of Delft, The Netherlands. The cruising air speed at low altitude was typically around 100 m s −1 and the flight duration 3 to 4 h. Aerosols were sampled using two different inlets, one facing forward and one facing backward. The forward facing, near isokinetic inlet, allows sampling of particles smaller than approximately 4 µm in aerodynamic diameter. The upper cut-off is based on the impaction loss calculations in a T-division dividing the sample air towards different sensors inside the aircraft. The rearward-facing inlet was used to collect aerosols with an aerodynamic diameter smaller than 1 µm (Schröder and Ström, 1997) . Both inlets work satisfactorily inside clouds consisting of ice crystals. In warm clouds composed of liquid droplets, however, sampling via both inlets and especially the rearward-facing inlet, suffers from droplet shattering. Situations where this occurred can be identified unambiguously and have been removed. Notes taken by the onboard operator confirm these periods of abrupt spikes in apparent particle number densities as cloud penetrations, which also coincide with observed high relative humidity (RH close to 100%).
Total aerosol number densities were measured using two different Condensation Particle Counters (CPC) Thermo Systems Inc. models TSI 3010 and TSI 3760 connected to the rearward-facing inlet. The TSI 3010 particle counter was modified by increasing the temperature difference between saturator and condenser tube, which leads to a 50% counting efficiency (Dp 50 ) at 0.006 µm as determined from the laboratory calibration using ammonium sulfate aerosol. The standard TSI 3760 particle counter had a 50% counting efficiency at 0.018 µm. Here N 6 and N 18 stand for the integral number densities of particles larger than 0.006 and 0.018 µm, respectively. The data is stored at 10 Hz and later reduced to 1 Hz averages. The difference between both particle counters denoted as N 6−18 , is a good indicator of the presence of ultra-fine condensation nuclei (UCN).
The forward facing inlet was used to sample accumulation mode particles that were sized and counted by an Optical Particle Counter (OPC) PMS-PCASP. This instrument nominally classifies the particles in the size range between 0.1 and 3.5 µm in diameter into 32 size bins based on their light scattering properties. However, due to noise in the first two channels, the lowest size was shifted to 0.12 µm and the number of bins decreased to 30. The integral number density of the particles larger than 0.12 µm observed by the OPC is denoted as N 120 . Data from the OPC were recorded at 1 Hz.
A custom built Differential Mobility Analyzer (DMA) (Knutson and Whitby, 1975) was used to investigate the aerosol size distribution between 0.02 and 0.126 µm. This system employs a closed loop sheath air circulation described by (Jokinen and Makela, 1997) . The sample aerosol passed an 85 Kr radioactive source to yield charge equilibrium before entering a Hauke-type DMA. The sample flow was 1 L min −1 and the sheath airflow was 5 L min −1 . Aerosol particles were counted using the standard TSI 3010 CPC. The DMA system, operated in a stepwise mode, provided one size distribution every minute based on ten observed mobility intervals. Combined data from the DMA, the OPC and the CPCs yields a composite aerosol size distribution between 0.006 and 3.5 µm diameter. Only those observations obtained out-of-cloud and during constant pressure flight levels are included in the analysis of the aerosol size distributions. The consistency of the size distribution measurements was checked by comparing the integral number of particles derived from the DMA and OPC measurements to the N 18 number densities. Ideally the ratio of the two measurements (N 18 /(N DMA +N OPC )) should be close to unity or larger. However, the incomplete overlap between the CPC and smallest bin derived from the DMA observations generally result in a ratio larger than one. With an increasing fraction of small particles, particularly near the Dp 50 of the CPC, this ratio also increases. For the measurements below 5 km altitude during the LBA-CLAIRE 98 campaign, the ratio generally varied from 0.96 to 1.6 with an average value of 1.19 (n=460, σ =0.27). Four size distributions (less then 2% of all size distributions) with a ratio larger than 2 were removed from data set.
Relative humidity was measured by a Vaisala HUMITTER 50 sensor connected to the sample line inside of the airplane. The manufacturer stated accuracy is ±5% of RH. Due to the higher temperature of the sample air inside the cabin relative to ambient conditions, RH measurements were restricted to altitude less than 5 km. The RH in the sample line inside the aircraft varied typically between 20 and 40%. Ground-based measurements of the aerosol hygroscopic growth factor in central Amazonia show unimodal behavior with low growth factors between 1.16 and 1.32 at 90% relative humidity in the 0.035 µm-0.265 µm size range (Zhou et al., 2002) . Hence, we consider the size of the aerosol particles entering the instrumentation to be close to the dry size.
Single particle analysis was performed using the Scanning Electron Microscope SEM-JEOL-840 (JEOL, Tokyo, Japan) equipped with Energy Dispersive Analysis of X-ray (EDAX) at the Institute of Working Life, Stockholm, Sweden. Approximately 100 particles larger then 0.2 µm were analyzed per sample. A detail description of the sampling and analytical procedures can be found in Krejci et al. (2004) .
Beside observations of aerosol properties, several trace gases were measured onboard of the aircraft. In this study we will use measurements of carbon monoxide, made with a Tunable Diode Laser Absorption Spectrometer (TDLAS) by the Max-Planck Institute for Chemistry, Mainz, Germany (Williams et al., 2001 ). The calibration accuracy was 2.8% during the LBA-CLAIRE 98 campaign and the measurement precision was ±2%. The instrument set up is described in detail by Wienhold et al. (1998) .
Supporting data describing the ambient conditions during the measurement flights (static air temperature, ambient air pressure, wind speed, wind direction, air and ground speed) were recorded by the aircraft data acquisition system. Latitude, longitude and altitude data used in this study were obtained from a Global Positioning System (GPS) instrument.
Forecasts and analysis of flow fields based on ECMWF data were obtained from the Royal Netherlands Meteorological Institute (KNMI) and the Suriname Meteorological Office. Air mass trajectories were calculated using the HYSPLIT 4 (Hybrid Single-Particle Lagrangian Integrated Trajectory) model (http://www.arl.noaa.gov/ready/hysplit4. html) (Draxler and Hess, 1997; Draxler and Hess, 1998) .
Results
Observations presented here are based on data collected during eight flights between 15 March and 29 March 1998, carried out in a planetary boundary layer over Suriname, French Guyana and the adjacent part of the Atlantic Ocean. Information about the maritime background aerosol properties was obtained during the flights north of Suriname and French Guyana coast on 15, 17, 21 and 29 March. Data obtained on 15, 17, 22, 25, 26 and 28 March are used to show the evolution of aerosol properties in the mixed layer over the tropical rain forest.
The lowest part of the atmosphere during the LBA-CLAIRE 98 campaign was controlled by semi-persistent NNE trade winds advecting air at typical wind speeds of 4-6 m s −1 from the Atlantic Ocean over the continent towards the Inter-Tropical Convergence Zone (ITCZ) (Fig. 1) . The trade winds extended up to an altitude corresponding to the base of Trade Wind Inversion (TWI) at approximately 2.5 km altitude. During the LBA-CLAIRE 98 campaign the ITCZ was located south of Suriname at latitudes between 2 • S and 1 • N.
Prior to presenting the aerosol properties observed over the rain forest, observations from the marine boundary layer are shown to characterize the air masses entering the continent. Measurements of the aerosol properties over the continent were performed over the same rain forest covered region at different times of the day. Combining both sets of observations, assuming a stable trade winds flow regime (Fig. 1) , allowed us to use a semilagrangian approach to study influence of local meteorology and tropical vegetation on aerosol physico-chemical properties in planetary boundary layer over the rain forest.
In addition to the integral aerosol number densities, we also present observations of aerosol size distributions. Characterization of the different modes used in text is based on lognormal fitting. Fitting was done manually using aerosol number, surface and volume distributions. The fit was regarded as satisfactory when the fitted size distribution agreed well with the observed features in all three moments. The subjective approach we used to describe the observations with modeled size distributions does not allow us to set an exact measure of uncertainty for the fitting parameters and the individual modes should be viewed as guide for the eye.
Aerosol number densities are recalculated to STP conditions (1013 hPa and 273.15 K) if not stated otherwise.
Marine boundary layer
During the flight on 21 March the aircraft flew in the marine boundary layer (MBL) north of French Guyana. The flight track in the MBL is marked with a black line in Fig. 1 . The height of the mixed layer was estimated to be close to 600 m, using potential temperature profiles obtained during descent and ascent from the lowermost flight level. Observed aerosol number densities in the mixed layer were very stable during the 100 km long horizontal flight leg conducted at an altitude of 200 m. The average N 6 number density was 383 cm −3 (n=1044, σ =34). The accumulation mode aerosol N 120 accounted for approximately 45% of the particles by number. Here we take the observations from 21 March as representative for MBL conditions during the LBA-CLAIRE 98 campaign. The shape of the aerosol size distribution and measured particle number densities from three other flights in the MBL on 15, 17 and 29 March are very similar (Fig. 2 ) indicating stable and persistent aerosol size distribution in the MBL within the measurement size range. The aerosol size distribution shows a bimodal shape with a pronounced minimum at 0.08 µm, indicating the presence of aged aerosol modulated by cloud processing during transport (Hoppel et al., 1986). According to back trajectories ( Fig. 3 , upper left), the probed air mass was transported in the MBL for approximately one week. Before this period the air mass subsided over SW Europe so that we cannot exclude an influence of anthropogenic pollution more than a week prior to the measurements. The fit parameters for the median MBL size distribution are: Aitken mode N=155 cm −3 , Dp=0.052 µm (mean mode diameter) σ =1.52 (standard deviation of the mode) and accumulation mode N=185 cm −3 , Dp=0.145 µm σ =1.40. These observations are in fair agreement with ship observations made along the transect through the Atlantic Ocean during the Aerosols99 project (Bates et al., 2001) , which gave the following fit parameters for the marine aerosol size distribution observed in the northern hemispheric subtropical region N=160±42 cm −3 , Dp=0.030±0.004 µm, σ =1.40±0.026 for Aitken mode and N=58±23 cm −3 , Dp=0.120±0.022 µm, σ =1.59±0.012 for accumulation mode. Both measurements were performed in an environment not directly influenced by air pollution sources and differences are within the range expected from natural variability.
Planetary boundary layer over the rainforest
Three flights performed on 25, 26 and 28 March were designed to investigate diurnal and day-to-day variability of the aerosol physico-chemical properties in the boundary layer over the rainforest. The flight patterns for all three flights included vertical profiles through the lower troposphere and several passages at low altitude over the identical region of the rain forest between 3 • 30 -4 • 12 N and 54 • 36 -55 • 18 W (Fig. 1) . The history of the investigated air masses was similar for all three flights (Fig. 3) . After a week of transport from northern mid-latitudes the air masses entered the continent over the scarcely populated coast of French Guyana and then traveled approximately 300 km over the pristine rain forest before being intercepted by the aircraft.
Analysis of CO and CO 2 mixing ratios during the LBA-CLAIRE 98 campaign indicate that the investigated air masses in the boundary layer were not significantly influenced by biomass burning (Williams et al., 2001 ). The observed mixed layer CO mixing ratios varied between 135 ppb and 153 ppb during the flights on 25, 26 and 28 March. Besides combustion, carbon monoxide is produced by photochemical reactions during the oxidation of hydrocarbons (e.g. isoprene). However, the day-to-day variability of CO mixing ratios during the LBA-CLAIRE 98 suggested comparable contribution of CO production associated with rain forest emissions and advection of CO from long range transport across the Atlantic Ocean (Williams et al., 2001) . Off the coast of South America, the CO mixing ratios usually varied between 110 and 120 ppb during the course of campaign, indicating somewhat polluted air. 
Mixed layer height
The evolution of the mixed layer height over the rain forest within the observational domain ( Fig. 1) is shown using the composite time series of vertical profiles of potential temperature ( ) (Fig. 4) . The nocturnal mixed layer inversion was not observed during the profile performed shortly before sunrise on 25 March at 6:00 Local Standard Time (LST). The lowest altitude flown was 250 m and the aircraft was still above the nocturnal inversion. Approximately 3 h after sunrise at 9:13 LST on 28 March the mixed layer height was 800 m and subsequently grew under undisturbed conditions at an average rate of 4-5 cm s −1 reaching 1170 m at 11:00 LST. Undisturbed conditions correspond to a situation where the vertical structure of the mixed layer is not perturbed significantly by convective precipitation. Our observations agree with earlier measurements in central Amazonia, where average boundary layer growth rates were estimated to be of the order of 5 cm s −1 with maxima of 10 cm s −1 during the first two hours after sunrise (Martin et al., 1988) . The maximum mixed layer height of 1200-1500 m was observed around noon and early afternoon. The fully developed daytime mixed layer collapsed rapidly when input of solar energy disappeared at sunset. The vertical profile at 18:06 LST on 26 March already shows the absence of an active daytime mixed layer. The shallow nocturnal mixed layer was forming below the lowest measurement altitude and the measurements were performed in a recently formed residual layer.
Aerosol vertical distribution.
The vertical profiles, which we used to demonstrate the diurnal cycle of the mixed layer height, are also used here to investigate diurnal changes in the vertical distribution of aerosols within the first 5 km of the troposphere (Fig. 5) .
At 6:15 LST on 25 March the aerosol vertical distribution showed a fairly homogenous structure and the integral aerosol number density varied between 200 and 400 cm −3 . At the lowest altitudes we observed an enhancement of the accumulation mode aerosol. The N 120 number density of about 100 cm −3 below 400 m altitude is approximately 5-10 times higher than aloft. This profile was obtained approximately 15 min after sunrise and the increase in the N 120 number density is most likely related to lofting of the nocturnal mixed layer into the growing daytime mixed layer.
Approximately 4 h after sunrise at 9:55 LST the peak in the N 6−120 aerosol (particles between 0.006 µm and 0.12 µm) vertical distribution followed the growth of the daytime mixed layer. The N 6 aerosol number concentration stayed fairly constant close to 400 cm −3 up to the top of mixed layer at 950 m altitude. Local enhancements in the aerosol concentration just above the top of the mixed layer were observed between 950 and 1500 m altitude. The accumulation mode aerosol N 120 remained low and comparable to the first profile at 6:15 LST, hence the enhancement in integral aerosol number density is related to the increase of Aitken mode particles. The ultrafine N 6−18 particles showed an enhancement up to 110 cm −3 close to the top of the mixed layer. Late in the afternoon at 15:55 LST the aerosol vertical distribution showed a very different structure. Observed N 6 aerosol number densities in the mixed layer, now reaching up to 1100 m, increased by factor of 1.5 for integral aerosol number density and by factor of 4 for the accumulation mode aerosol in comparison to the early morning profile. Now there is a pronounced maximum for N 120 particles in a transitional layer between 1100 m and 1600 m in addition to the earlier observed maximum for the Aitken mode aerosol. The cloud base was observed by the operators onboard of the aircraft to be between 1600 m and 1800 m altitude.
Elevated aerosol number densities related to the outflow from shallow convective clouds were often observed between 3 and 4 km altitude during the late afternoon. Airborne LIDAR observations over central Amazonia showed that the majority of the fair-weather cumulus clouds do not have enough buoyancy to penetrate the Trade Wind Inversion (TWI) at the top of the transition layer and therefore cloud outflow appears at similar altitudes over large areas of the rain forest . The TWI height during LBA-CLAIRE 98 was determined from temperature, relative humidity and wind profile measurements and varied between 3.2 km over the coastal region and 4.5 km altitude over the southern Suriname. Enhanced particle number densities were observed in 20 out of 24 vertical profiles over the rain forest at this altitude and were a common feature during the LBA-CLAIRE 98 campaign. However, enhancements of the accumulation mode aerosol in the shallow convective outflow were not measured regularly and the profile at 15:55 LST on 26 March is rather exceptional. The N 6 number density up to 1700 cm −3 in the shallow convective outflow from a profile performed at 15:55 LST exceeded the N 6 particle concentrations in the mixed layer by a factor of 2-3, while the N 120 number densities around 350 cm −3 in the cloud outflow region are similar to those in the mixed layer. This suggests that the observed enhancement is the result of detrainment of mixed layer air and that little accumulation mode particle loss occurred during in-cloud vertical transport. Usually when the outflow from shallow convection was present, only slight enhancement in N 120 aerosol or in some cases even depletion of N 120 aerosol was observed, indicating different removal efficiency for the accumulation mode aerosol during vertical in-cloud transport. Shortly after sunset at 18:06 LST, in the absence of intensive convective mixing, the aerosol vertical distribution changed again adapting accordingly to the nocturnal stratification. The outflow from decaying shallow convective clouds was now observed above 3 km altitude.
Our aerosol instrumentation allowed measurements of the aerosol size distribution only during horizontal flight legs. Unfortunately, we did not perform any horizontal flight legs in the shallow convective outflow on 26 March. To show the aerosol size distribution in this region we therefore used data obtained during a flight on 15 March over southern Suriname close to 2 • N and 56 • W. The vertical profile between 0.5 and 5 km altitude at 15:50 LST as well as the aerosol size distributions from 3.4 km and 0.6 km altitude are shown in Fig. 6 . The aerosol did not exhibit pronounced vertical stratification in comparison to the 26 March observations. The operators onboard of the aircraft reported hazy conditions in the mixed layer and a dense fair-weather cumulus cloud cover. The measurements were performed over the upland region and local orographic forcing could have also modified the structure of the lowermost troposphere.
The mixed layer aerosol size distribution observed at 0.6 km altitude exhibited a maximum in the accumulation mode having similar shape as the afternoon mixed layer aerosol size distribution from 26 March (Fig. 7) . In the region of shallow convective outflow the accumulation mode particles are largely depleted, indicating that the majority of the particles from the mixed layer have been activated into cloud droplets and removed before the air was detrained from the clouds close to the TWI. The average N 120 concentration was 49 cm −3 (n=790, σ =15). Ground based measurements of aerosol activation showed that during typical background conditions over the rain forest the observed CCN/CN ratio was high, indicating that at 1.5% supersaturation the majority of the particles larger than 0.04 µm are activated into the cloud droplets .
The aerosol size distribution observed at 3.4 km altitude in the region of shallow convective outflow was dominated by Aitken mode particles. The mean N 6 number density of 2433 cm −3 (n=790, σ =871) was 4 times higher than in the mixed layer and in the lowermost free troposphere, indicating recent new particle formation. Similar observations in the vicinity of clouds were reported earlier for marine conditions (Clarke et al., 1998b; Hegg et al., 1990) as well as for the continental boundary layer clouds (Keil and Wendisch, 2001 ).
Mixed layer aerosol diurnal cycle
During three consecutive flights on 25, 26 and 28 March the aircraft performed several horizontal flight legs at 200-300 m altitude over the same part of the rain forest to investigate changes in aerosol and trace gas distribution at different times of the day. In addition, measurements in the nocturnal residual layer were made shortly before sunrise on 25 March. The duration of the flight legs was between 6 and 34 min. At cruising air speed of 100 m s −1 this represents distances between 36 and 204 km.
The aerosol properties in the nocturnal residual layer observed on 25 March (5:38-5:58 LST) ( closely the situation in the MBL in several aspects. The mean N 6 concentration of 365 cm −3 (n=1756, σ =52) was similar to the MBL mean concentration of 383 cm −3 . The accumulation mode aerosol N 120 represented 45% of the aerosol by number in both, the nocturnal residual layer and the MBL. Therefore it is not surprising that the aerosol size distributions were also very similar in shape. The fit parameters for the median size distribution are N=135 cm −3 , Dp=0.042 µm, σ =1.57 for the Aitken mode and N=165 cm −3 , Dp=0.150 µm, σ =1.44 for the accumulation mode. The origin of the air in the nocturnal residual layer is discussed later.
The aerosol properties in the daytime mixed layer over the rain forest showed two distinct patterns depending on the time of the day. The first group of observations is linked to the growing mixed layer lasting from sunrise until around noon. The second group of measurements represents a fully developed mixed layer during the afternoon and early evening. The integral aerosol number densities observed in the daytime mixed layer are summarized in Table 1 .
The N 6 aerosol number density increased constantly throughout the day from below 500 cm −3 one hour after sunrise up to almost 800 cm −3 at sunset. The accumulation mode aerosol N 120 exhibited a different trend. During the first half of the day N 120 concentrations remained fairly constant at values between 150 and 200 cm −3 , while in the afternoon an increase by approximately 50% up to 300 cm −3 was observed. The ultrafine particles N 6−18 showed a trend similar to the accumulation mode aerosol with lower particle number densities close to 20 cm −3 , during the morning, followed by an increase to 30-40 cm −3 in the afternoon. The different trends described above become more evident when the aerosol size distributions from five horizontal flight legs are analysed. We have used median aerosol size distributions to highlight the diurnal changes (Fig. 7) . In general, they show very similar shapes and peak positions within each horizontal flight leg, so that the median size distributions can be regarded as a good representation of the typical conditions. Single aerosol size distributions are obtained every minute, so that the number of size distributions during each flight leg range from 6 to 34, as indicated by the difference between start and stop times given in Fig. 7 .
Approximately one hour after sunrise between 7:16 and 7:22 LST, when the mixed layer was growing, the aerosol size distribution had a pronounced bimodal shape, showing an increase in the number density of Aitken mode particles in comparison to the measurements performed in the nocturnal residual layer 2 h earlier. The fit parameters for the Aitken mode are N=230 cm −3 , Dp=0.044 µm, σ =1.60 and for the accumulation mode N=200 cm −3 , Dp=0.142 µm σ =1.49. The number of particles in the Aitken mode continued to increase throughout the morning hours such that around noon the aerosol size distribution was dominated by Aitken mode particles. The modal parameters for the aerosol size distribution obtained between 11:08 and 11.28 LST on 28 March are following: N=310 cm −3 , Dp=0.053 µm, σ =1.50 for the Aitken mode and N=220 cm −3 , Dp=0.144 µm, σ =1.42 for the accumulation mode. During the second half of the day the shape of size distribution continued to change, but in a different manner. The Aitken mode remained relatively constant, while the number of particles in the accumulation mode increased. The fit parameters for aerosol size distribution observed shortly before the sunset on 26 March (17:43-18:04 LST) were as follows: N=250 cm −3 , Dp=0.051 µm, σ =1.62 for the Aitken mode and N=420 cm −3 , Dp=0.132 µm and σ =1.46 for the accumulation mode.
Although the proportions between the Aitken and accumulation modes varied with time of day, the bi-modal shape of the aerosol size distributions was always preserved. A similar observation have been reported from ground-based measurements at Balbina in central Amazonia, where the bimodal shape of the aerosol size distribution was observed in nearly 80% of the cases during March-April 1998 (Zhou et al., 2002) .
To demonstrate that the observed evolution of the aerosol size distributions was not only a local feature, we combined all measurements from the mixed layer obtained during 6 flights between 15 and 28 March over the pristine rain forest south of 4.5 • N. The 10 s mean N 120 aerosol number densities are plotted against time of the day in Fig. 8 . Using linear interpolation of increasing number densities between 10:00 and 18:00 LST we find that the number density of N 120 increased by 20 particles cm −3 h −1 (n=1210, r 2 =0.75).
Discussion

Nocturnal residual layer over the rain forest
There is a striking similarity in shape of the size distribution and aerosol number densities between the MBL and the nocturnal residual layer observed at 300 m (Fig. 7) . This feature was also observed at 500 m altitude (not shown). Our observations suggest that marine air can be transported more than 300-400 km over the rain forest during the night without significant influence from the sources on the ground.
A low-level jet was observed before sunrise between 300 m and 1800 m over the rain forest with the wind direction following the NNE trade winds. The wind velocity reached up to 15 m s −1 , triple the average wind velocity observed at this altitude during the daytime. At altitudes where aerosol size distribution measurements from the residual layer before sunrise are available, the wind speed was in average 8 m s −1 , which is almost identical to the observations made over the ocean. The distance the air had to travel between the coast and the area where we conducted the measurements over the rain forest was approximately 280 km.
The single particle analysis performed on samples from the nocturnal residual layer (1 sample), the MBL (3 samples) and the daytime mixed layer (7 samples) support this finding. Around 100 particles larger than 0.2 µm were analyzed per sample using SEM-EDX technique. In the fully developed daytime mixed layer 48-58% of the sub-micrometer particles were classified to be of organic nature. In the MBL the fraction of such particles was between 11 and 25%, similar to the nocturnal fossil layer aerosol observations (22%). Submicrometer particles identified as sea salt or sea salt with sulphur represented 5-11% of all particles in the daytime mixed layer. In the MBL, the fraction of these particles was 22-36% similar to the nocturnal fossil layer observations (26%). The results of aerosol single particle analysis are discussed in detail in Krejci et al. (2004) .
In Fig. 9 , CO 2 mixing ratios observed during a vertical profile at 6:15 LST on 25 March is shown. The profile was obtained approximately 15 min after sunrise. The decaying nocturnal mixed layer with enhanced CO 2 mixing ratios up to 390 ppm v due to a rain forest respiration is clearly visible. Above the mixed layer a region with stable CO 2 mixing ratios around 371 ppm v is found, extending to the base of the trade wind inversion at 2300 m altitude. The mean CO 2 mixing ratio 370.4 ppm v (n=1703, σ =0.5 ppm) observed in the MBL during the CLAIRE campaign was very similar to the observations above the decaying nocturnal mixed layer. The CO 2 measurements support the hypothesis about nocturnal transport of the MBL inland over the rain forest. In case that air above the nocturnal mixed layer up to 2.3 km altitude would contain previous day continental mixed layer air, it will be depleted of CO 2 , compared to the MBL air, due to photosynthesis depletion of CO 2 . On the other hand, if the air would represent nocturnal mixed layer, the concentration of CO 2 will be enhanced compared to MBL due to a nighttime respiration of tropical vegetation (Williams et al., 2001) . Only a true "lagrangian" or "semi-lagrangian" approach in association with several nocturnal vertical profiles between the coast and deeper over the rain forest, including trace gas measurements, for example DMS, can confirm the hypothesis about nocturnal transport of the unperturbed MBL air over the rain forest. Such an experiment is also needed to better understand how far the MBL air can be transported unperturbed over the rain forest.
4.2 Aerosol size distribution evolution in the mixed layer over the rain forest
The observed diurnal evolution of the aerosol size distribution in the daytime mixed layer suggests a complex interplay of several processes that control the aerosol properties over the rain forest. During the conditions of a growing daytime mixed layer from the early morning until noon the number of Aitken mode particles increases, however, the accumulation mode aerosol number densities remained relatively constant.
Aitken mode aerosol and new particle formation
The shape of the aerosol size distribution between 0.006 and 3.5 µm as well as the derived aerosol surface from observed over the rain forest (6.1-6.5 µm 2 cm −3 ) during the morning on 28 March is similar to the MBL aerosol (6.6 µm 2 cm −3 ). The growth of the aerosol particles via coagulation and condensation is controlling the formation and evolution of Aitken mode particles (Williams et al., 2002) . In the tropical marine environment the Aitken mode aerosol number densities are rather constant mostly due to transport from the free troposphere with subsiding air (Clarke et al., 1998b; Raes et al., 2000) . This mechanism, however, cannot explain our observations over the rain forest. The rapid increase of the Aitken mode aerosol concentrations in the mixed layer by approximately 40% between 7:20 and 11:10 LST together with the fact that height of the mixed layer doubled during this time, requires another source of particles. One possible source of the new particles could be the occurrence of the new particle bursts similar to those reported from a boreal forest in Finland (Boy and Kulmala, 2002) . Due to spatial and temporal limitations we cannot address this issue, but during the ground-based measurements in March-April 1998 at Balbina in central Brazil, no such events of new particle formation were reported (Zhou et al., 2002) . The absence of new particle formation bursts over the Amazon rain forest, as well as over Amazonian pastures, was confirmed during subsequent campaigns (Rissler et al., 2004 ) (Erik Swietlicki, Lund University, Sweden personal communication). When the newly formed particles appeared at the site, they had already grown to sizes larger than 0.02 µm indicating that the particles were not formed close to the ground, but most likely aloft. The low aerosol number densities in the smallest size bins observed during growing mixed layer conditions also suggest that the new particles were formed somewhere else. The vertical profile from 6:15 LST (Fig. 7) showed an enhancement of ultrafine N 6−18 particles in a shallow layer at altitude corresponding to the break up of the nocturnal inversion and formation of the daytime mixed layer. A similar local maximum of N 6−18 particles up to 110 cm −3 accompanied by a broader peak of the N 6−120 aerosol was observed at 9:55 LST (Fig. 7) in a region where the subsiding air meets the top of growing mixed layer. Mixing of the two different air masses together with different temperature in this region can enhance new particle formation (Nilsson et al., 2001 ). However, with our instrumentation we can detect only particles larger than 6 nm and it takes up to several hours for nanometer sized new particles to grow to detectable sizes. Clarke et al. (1998a) estimated the time required for particles to grow from nanometer sized clusters to detectable size (3 nm) to be between 1 and 2 h under marine boundary layer conditions over the eastern Pacific. Similar values were reported for continental boundary layer over a boreal forest in Finland (Nilsson et al., 2001) . The authors also suggested that the residual layer is the place where aerosol particles are formed via ternary H 2 O-H 2 SO 4 -NH 3 nucleation (Kulmala et al., 2000) . But their further growth to detectable sizes is hindered by low concentrations of condensable vapours. After entrainment into the mixed layer, where the supply of condensable vapours is larger, the particles may grow rapidly to detectable sizes. Such a mechanism might explain the local enhancement of N 6−18 and N 6−120 aerosol observed close to the top of the mixed layer.
It is still not well understood, which condensable vapours will participate in formation and condensational growth of the aerosol over the rain forest. There is increasing evidence that volatile organic compounds play an important role, besides SO 2 and other inorganic gaseous precursors. Among the most likely candidates are oxidation products of isoprene (Claeys et al., 2004) , monoterpenes (sabinene, α-pinene, β-pinene, limonene) and their oxidation products (Jacobson et al., 2000; Kuhn et al., 2002; Seinfeld and Pankow, 2003) . During the field measurements in Amazonia, monoterpene mixing ratios between 200-900 ppt were found (Kesselmeier et al., 2000) , similar to observations from the boreal forest in Finland (Janson et al., 2001) , where the authors found no evidence of monoterpenes participating in nucleation. However, the secondary products of monoterpenes oxidation contributed to the organic aerosol mass via condensation. Ground-based measurements in Brazil showed the unimodal hygroscopic behaviour of the Aitken mode particles with low growth factors around 1.17 at 90% RH. Assuming that the soluble part of the particle was ammonium bi-sulphate, the soluble fraction would amount to only 14-17% of the particle (Zhou et al., 2002) . The remaining fraction of the aerosol is largely composed of insoluble or partially water-soluble organics (Graham et al., 2003b) , emphasising the importance of organic material in formation of the aerosol particles over the rain forest. Besides monoterpenes, other VOCs, for example sesquiterpenes, can also play important role in new particle formation due to their very fast oxidation with O 3 and OH radical (Bonn and Moortgat, 2003; Dekermenjian et al., 1999; Shu and Atkinson, 1995) . Sesquiterpenes have been detected in the atmosphere during flux measurements in central Amazonia, however, the source strength and fate of the sesquiterpenes over the rain forest are virtually unknown (P. Ciccioli, Institute of Chemical Methodology, Italy; personal communication).
Accumulation mode temporal evolution over the rainforest
The rapid increase of the accumulation mode number densities during the afternoon (Fig. 6 ) cannot be explained exclusively by the growth of the Aitken mode via condensation and coagulation. Those processes are too slow or they would require unrealistically high concentrations of the gaseous precursors and aerosols.
It is generally acknowledged, that in the absence of large surface sources of accumulation mode aerosol, in-cloud processing of activated Aitken mode particles is a major source of these particles. Airborne transects over central Amazonia involving LIDAR measurements showed rapid intensification of the shallow convection around noon and in the afternoon , at the same time when we observed a widespread increase of the accumulation mode aerosol concentrations.
The in-cloud processed particles can be transported back to the mixed layer either by precipitation and downdraft from the cumulus clouds or by large scale subsidence from higher altitudes in between clouds. The in-between cloud subsidence is unlikely to be important for several reasons. First, for majority of vertical profiles we observed depletion rather than enrichment of accumulation mode aerosol in the proximity of shallow convective outflow. Second, the major part of the cloud outflow region was observed close to the TWI at altitudes above 3000 m. However, even though the shallow convection over the rain forest increases the mean subsidence velocity up to 60-100 m hr −1 (Fitzjarrald, 1982; Martin et al., 1988 ), it will take more then 10-20 h for accumulation mode particles to be transported from the region of shallow convective outflow to the mixed layer. Third, the N 120 aerosol number density in the afternoon mixed layer is on average 6 times higher than in the subsiding air between clouds (Krejci et al., 2003) and therefore the result of the entrainment of the subsiding air will rather be dilution and diminishing of the accumulation mode aerosol concentrations.
The increase of the accumulation mode number densities was observed to happen over a rather short time period of the order of several hours, much faster than indicated by modelling studies for MBL conditions where, the in-cloud processing was the major source of the accumulation mode aerosol (Raes et al., 2000) . The second important aspect is the mass needed to produce the observed amount of accumulation mode particles. In general, sulfate is believed to be the main contributor to the particle mass during in-cloud processing. There are no large sources of sulfur-containing gaseous precursors over the rain forest and transport of the marine DMS is believed to be the dominant source of SO 2 over the rain forest Crutzen et al., 2000) . The single particle analysis did not show enrichment of S-rich particles >0.2 µm during the afternoon hours in the mixed layer over the rain forest (Krejci et al., 2004) . As mentioned earlier, the observed concentrations of organic gases, such as monoterpenes (Kesselmeier et al., 2000) , which can significantly contribute to the aerosol mass via condensation were not exceptionally high. Unless there were other, so far undiscovered species contributing significantly to the aerosol mass during the in-cloud processing, e.g. the fast reacting VOCs proposed by Kurpius and Goldstein (2003) , a dominant source of accumulation mode particles during the afternoon was probably located at the surface. Here emissions of primary biogenic particles from the rain forest are the most likely candidate.
The magnitude of primary emissions of biogenic aerosols is difficult to estimate due to a paucity of available data. The single particle analysis of the samples from the MBL and from the mixed layer over the rainforest combined with the aerosol number densities derived from the aerosol size distributions (Krejci et al., 2004) , showed that the number densities of the organic particles larger than 0.2 µm increased from 2-10 cm −3 to 20-40 cm −3 in 7-12 h when the marine air masses were transported inland and interacted with the rain forest. This can only explain a small fraction (10-25%) of the observed increase in the accumulation mode aerosol number densities. Extrapolation of the single particle analysis to smaller sizes could lead to a misinterpretation, however, since there is no evidence that the abundance of the different types of particles should be different for various size ranges of accumulation mode aerosol. Assuming the same aerosol composition for the entire accumulation mode, the primary biogenic aerosol emissions may account for 50-85% of the observed increase in accumulation mode aerosol number densities.
In addition to local aerosol sources, long-range transport of Saharan dust can also contribute to the accumulation mode aerosol over the Amazonian rain forest. We cannot fully exclude Saharan dust contribution to the observed variability, but measurements over the Amazonia during LBA-CLAIRE 98 indicate, that such an influence was of minor importance with respect to the observed trends in the aerosol number densities discussed in this paper. The continuous ground-based measurements from Balbina in central Amazonia showed, that the aerosol light scattering below 10 Mm −1 represents background conditions and the influence of Saharan dust is considered to be low (Formenti et al., 2001 ). The same authors reported aerosol light scattering coefficient in the mixed layer over the rainforest on 25 March to be around 10 Mm −1 STP and one day later on 26 March five times lower around 2 Mm −1 STP. Single particle analysis of the mixed layer aerosol showed that the fraction of mineral particles observed on 26 March when the N 120 number densities were highest was not different from six other samples collected in the mixed layer over the rainforest (Krejci et al., 2004) . These particles contributed roughly one percent to the accumulation mode aerosol number densities. Therefore the Saharan dust cannot explain the increase of the accumulation mode number densities presented here.
The cycle of the accumulation mode aerosol concentrations in the mixed layer agrees well with the moisture flux from the vegetation. The flux of moisture from the rain forest intensifies shortly before noon and the highest values are reached during the afternoon (Garstang and Fitzjarrald, 1999) . One can speculate that the primary emissions of biogenic particles can be linked to the same processes controlling the evapotranspiration: stomatal activity and the dynamics of the canopy ventilation. A dedicated aerosol flux measurement experiment could shed some light on this proposed source.
Summary and Conclusions
In this study we presented airborne measurements of aerosol microphysical and chemical properties below the trade wind inversion over the tropical rain forest and from the marine boundary layer. The measurements were conducted over Suriname and the adjacent part of the Atlantic Ocean during the LBA-CLAIRE 98 project.
The MBL aerosol showed the typical bi-modal size distribution with a "Hoppel minimum" at 0.08 µm characteristic of well aged and cloud processed aerosol. The average number density of the particles larger than 0.006 µm was 383 cm −3 and the accumulation mode aerosols >0.12 µm represented 45-50% of the particles by number.
Using potential temperature profiles, the daytime mixed layer height over the rain forest during undisturbed conditions was estimated to be between 1200-1500 m. During morning hours the growth rate of the mixed layer was 144-180 m h −1 .
The aerosol properties in the nocturnal residual layer over the rain forest some 300 km from the coast exhibited strong similarities with aerosol properties found in the MBL. The analysis of the aerosol number densities, aerosol size distributions and aerosol composition suggest that the marine air masses can be transported intact 300-400 km inland during the night without significant modifications.
The median aerosol number density in the daytime mixed layer increased from early morning to early evening from 450 cm −3 to almost 800 cm −3 , respectively. The evolution of the aerosol size distribution in the daytime mixed layer showed two distinct patterns. During the period of the growing mixed layer we observed an increase of the Aitken mode particle number densities. The formation of new particles in the border region between the growing mixed layer and remnant of the previous day residual layer, followed by rapid growth of the ultrafine aerosol in the mixed layer, are probably responsible for the observed increase of the Aitken mode aerosol number densities in the conditions of growing mixed layer.
The accumulation mode aerosol showed a different trend. Before noon the N 120 (particles >0.12 µm) number densities remained relatively stable close to 150 cm −3 . Later during the day a sharp increase in the N 120 number densities was observed, doubling the number densities up to 300 cm −3 . We attribute the observed increase in the accumulation mode aerosol number densities to the combined effect of two processes: (1) the direct emissions of the primary biogenic particles from the rainforest and (2) in-cloud processing of aerosol by the shallow convective clouds. The first process is dominating and accounts for approximately 50-85% of the observed increase of the accumulation mode number densities. We presented strong evidence that the rain forest is a major source of accumulation mode aerosols and that directly emitted biogenic aerosol particles most likely control the accumulation mode number densities observed over the Amazonian rain forest during periods when biomass burning activity is low.
Future measurements should be focussed especially on the nocturnal lower troposphere, on an estimate of the direct aerosol emissions from rainforest and on the role of the shallow convective clouds. This information is necessary to get a better understanding of the processes controlling aerosol diurnal cycle over the tropical rain forest.
